1 

1 

1 II 

1 1 1 

II 


3 

71 

B 00' 

’ 68 C 

1892 

> 


NASA Technical Memorandum 81656 




NASA-TM-81656 19810012549 


Exhaust Emission Survey of 
An FI 00 Afterburning Turbofan 
Engine at Simulated Altitude 
Flight Conditions 


:OR REFEHESTCS 

John E. Moss, Jr. and Richard R. Cullom 
Lems Research Center 
Cleveland, Ohio 


TO rD TAxr:i rRcct nccrri 


i 



March 1981 





Trade names or manufacturer's names are used in this report for identification 
only. This usage does not constitute an official endorsement, either expressed or 
implied, by the National Aeronautics and Space Administration. 



E-673 


EXHAUST EMISSION SURVEY OF AN FlOO AFTERBURNING TURBOFAN ENGINE 
AT SIMULATED ALTITUDE FLIGHT CONDITIONS 
John E. Moss, Jr. and Richard R. Cullom 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

Emissions of carbon monoxide (CO), total oxides of nitrogen (NOJ, 
unburned hydrocarbons (HC), and carbon dioxide (CO?) from an FlOO(l), 
afterburning, two-spool turbofan engine at simulated flight conditions are 
reported herein. Test conditions included simulateo flight at Mach 0.8 for 
altitudes of 9.14 and 12.19 km (30 000 and (40 000 ft) and at Mach 1.4 at 
12.19 km (40 000 ft). For each flight condition emission measurements were 
made for two or three power levels from intermediate power (nonafterburning) 
through maximum afterburning. These measurements were made by traversing a 
single-point gas-sample probe across the horizontal diameter of the exhaust 
nozzle. 

The data showed that emissions vary with flight speed, altitude, power 
level, and radial position across the nozzle. Carbon monoxide emissions 
were low for intermediate power (nonafterburning) and partial afterburning, 
but regions of high CO were present downstream of the flame holder at maxi- 
mum afterburning. Unburned hydrocarbon emissions were low for most of the 
simulated flight conditions. 

The local NOx concentrations and their variability with power level 
increased with increasing flight Mach number at constant altitude, and de- 
creased with increasing altitude at constant Mach number. Emissions of 
CO 2 were proportional to local fuel-air ratio for all conditions. 

INTRODUCTION 

Testing of an FlOO (1), afterburning, two-spool turbofan engine was con- 
ducted in an altitude facility to determine the oxides of nitrogen, unburned 
hydrocarbons, carbon monoxide, and carbon dioxide amissions at simulated 
flight conditions. 

Emission tests were run at Mach 0.8 at altitudes of 9.14 and 12.19 km 
(30 000 and 40 000 ft) and at Mach 1.4 at 12.19 km (40 000 ft). For each 
simulated flight condition emission measurements were made for two or three 
power levels from intenmediate power (nonafterburning) through maximum 
afterburning. 

This investigation was conducted in the Propulsion Systems Laboratory at 
the NASA Lewis Research Center. Other exhaust emissions surveys previously 
reported on afterburning turbojet and turbofan engines can be found in 
references 1 to 6. The results of the present study augment the available 
literature on altitude emissions for afterburning turbofan engines. 
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APPARATUS 


Engine 

f (^)» two-spool turbofan used in this investigation is shown in 

figure 1(a). The FlOO is a 111 kN (25 000 Ibf) thrust class; high overall 
pressure ratio (p:l); low bypass ratio (0.71:1) engine. This engine has a 
mixed-flow afterburner with V-gutter, flame-holders, and fuel-spray rings. 
The exhaust nozzle is a convergent-divergent, variable area, balance-beam 
type. The divergent-nozzle flaps on the test engine are free-floating. 

A more complete description of the engine appears in reference 7. The 
engine instrumentation locations are shown in figure 1(b). 

Installation 

The engine was installed in the altitude test chamber in a conventional 
direct-connect mode (fig. 1(a)). Conditioned air, required to simulate the 
selected flight conditions, was provided by the facility. Also, the engine 
exhaust pressure level required to simulate flight conditions was main- 
tained Engine exhaust gases were captured by a water-cooled collector to 

jpf4^fiel^(MlL-T^56246r^^°^ chamber. These tests were run using 


Gas Sampling System 

A single-point, traversing, water-cooled, gas-sample probe was used in 
this study. The probe and its traversing mechanism are shown mounted behind 
the engine in figure 2(a). The traversing mechanism was capable of trans- 
lating the probe ±60 cm horizontally and ±20 cm vertically from the engine 
centerline. A photograph and a schematic of the sensor area of the probe 
are shown in figures 2(b) and (c). The gas-sampling probe has an inside 
diameter of 0.72 cm (0.28 in.) and extended 1.9 cm (0.75 in.) forward of the 
probe support. The gas sample line was water-cooled for a distance of 8 cm 

ter wl^n ^^'"6 ''"Side diame- 

ter was 0.82 cm (0.32 in.) and was water-cooled an additional 30 cm (12 in ) 

A total-pressure probe was mounted 2.5 cm (1.0 in.) above the sample ' 
probe, and three unshielded iridium/ iridium-rhodium thermocouples were 
mounted 2.5 cm (1.0 1n.) and 5.0 cm (2.0 in.) below and 5.0 cS (2.0 ?n.) 
above the gas-sample probe. ' ' 

A schematic of the gas analysis system is shown in figure 3(a) 

1 stainless-steel line was used to transport the 

sample to the analyzers. To prevent condensation of water and to minimize 
adsorption-desorption effects of hydrocarbon compounds, the line was heated 
K. Four heated metal bellows pumps were used to supply 
sufficient gas sample pressure (17 N/cm^) to operate the analytical in- ^ 
struments. The gas sample line residence time was less than 2 seconds for 
all test conditions. 


Gas Analysis Instrumentation 

available instruments, along with associated periph- 
eral equipment necessary for sample conditioning and instrument calibration 
are comprised in the exhaust-gas analysis systeS (fig. 3™ 
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The hydrocarbon (HC) content of the exhaust gas was measured on a wet 
basis using a flame ionization detector type instrument (Beckman Instruments 
model 402 hydrocarbon analyzer). Both carbon monoxide (CO) and carbon 
dioxide (CO 2 ) were measured dry, using analyzers of the nondispersive in- 
frared (NDIR) type (Beckman Instruments model 315B). The concentration of 
the oxides of nitrogen (NO;^) was measured on a dry basis using a chem- 
iluminescence analyzer (Thermo Electron Corporation Model lOA). This in- 
strument includes a thermal converter to reduce NO 2 to NO. The exhaust 
gas constituents that were measured on a dry bas.is (CO, CO 2 and NOx) 
were corrected for inlet 'air humidity and water vapor from combustion, and 
are reported herein on a wet basis. 

The exhaust ^mission data measured by the analytical instruments were 
recorded and processed by an on-line facility computer. This computer was 
also used to control the traverse of the gas-sample probe and to determine 
the nozzle-exit diameter. 


TEST CONDITIONS AND PROCEDURES 

Exhaust-emission surveys were conducted at simulated altitude conditions 
of 9.14 and 12.19 km (30 000 and 40 000 ft) at Mach 0.8 and at 12.19 km 
(40 000 ft) at Mach 1.4. These test conditions were representative of typi- 
cal subsonic and supersonic aircraft operating points. This choice of con- 
ditions gives a variation in altitude at a constant subsonic Mach number and 
a variation in simulated Mach number at a constant altitude. The test 
points and nominal inlet conditions are presented in table I. Conditioned 
air was supplied to the plenum at the desired pressure and temperature. The 
test chamber was maintained at the pressure required for true simulation of 
the selected altitude condition. This pressure resulted in the nozzle being 
choked for all survey data presented. 

TABLE I. - TEST CONDITIONS 


Simulated 

Mach 

number 

Simulated 

altitude 

Metered 

fuel-air 

ratio 

Engine 

inlet 

pressure 

Combustor 

inlet 

temperature 

Primary 

combustor 

pressure 

Afterburner 
mixed inlet 
pressure 

Afterburner 
mixed inlet 
temperature 

m 

ft 

N/cm2 

psia 

'Q 

•r 



N/cm? 

psia 

D 

•R 

0.8 

9 140 


0.0124 

4.57 

6.62 

752 

1354 

117 


13.6 

19.67 

736 

1325 



9 

140 

30 000 


4.54 

6.59 

752 

1354 

115 


13.7 

19.92 

744 

1340 



12 

190 

40 000 

.0125 

2.83 

4.10 

728 

1311 

75 


8.7 

12.57 

725 

1305 







.0337 

2.80 

4.07 

727 

1309 

75 

lll^l 

8.6 

12.46 

726 

1307 

N 






.0620 

2.81 

4.08 

729 

1313 

77 

111 

8.8 

12.74 

734 

1322 

1. 

4 





.0111 

5.95 

8.63 

795 

1432 

119 

iSI 

13.8 

20.02 

729 

1313 

1.4 





.0307 

5.91 

8.57 

793 

1427 

114 

Wm 

13.6 

19.65 

723 

1302 

1. 

♦ 

4 

■ N 

V 

\ 


.0549 

5.95 

8.63 

793 

1427 

119 

El 

14.0 

20.35 

737 

1327 


Emissions surveys were made at two or three power settings at each simu- 
lated flight condition. Power levels included intermediate (maximum power, 
nonafterburning), partial afterburning ( af terburning zones 1, 2, and 3) and 
maximum afterburning (all five zones of afterburning). Gas sampling surveys 
were made slightly downstream of the nozzle-exit plane. For the nominal 
maximum afterburning condition the nozzle was near wide open, and the axial 
distance from the nozzle lip downstream to the survey plane was 5.6 cm 
(2.2 in.). At the partial afterburning power level the nozzle area de- 
creased from maximum, and the axial distance from the nozzle lip to the 
survey plane was 6.4 cm (2.5 in.). At intermediate power the nozzle was 
near its minimum area, and the distance from nozzle lip to survey plane was 
8.8 cm (3.5 in.). 
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The exhaust-nozzle diameter was obtained using the survey rake in con- 
junction with two nozzle-mounted air jets. Aft-facing high-pressure air 
jets were mounted on two diametrically opposite divergent nozzle leaves 
coinciding with the horizontal survey diameter. Just before a gas-sample 
survey a continuous traverse was made, and the position of the air jets 
marking the nozzle-exit diameter were noted as pressure spikes sensed by the 
total-pressure probe of the survey rake. 

Surveys were made across the horizontal diameter of the exhaust nozzle. 
Twenty-one data points were recorded for afterburning to delineate the steep 
gradients in the emission profile. This resulted in a nominal spacing of 
4.8 cm (1.9 in.) for maximum afterburning and 4.3 cm (1.7 in.) for partial 
afterburning. A 21 -data-point traverse required approximately 30 minutes to 
complete. Eleven data points were recorded for nonafterburning as the 
gradients in the emission profiles were less steep. The nominal data point 
spacing at intermediate power was 6.6 cm ( 2.6 in.). 

RESULTS AND DISCUSSION 
Profile Data 

Selected exhaust profile data are shown in figures 4 to 11. A complete 
tabulation of the experimental data obtained in this investigation is in- 
cluded in appendix A. This appendix also contains the average data (mass 
weighted and area integrated). Concentrations of CO, CO 2 , and NO^ are 
given as parts per million by volume (ppmv), and the HC concentrations are 
given as parts per million carbon by volume (ppmCv). The horizontal axes in 
the figures are the radial distances from the centerline nondimensionalized 
by the measured nozzle-exit radius Rs for each test. This radius varies 
with flight condition and engine power level. 

Exhaust total temperature. - The total-temperature distribution across 
the nozzle at each power level is shown in figure 4. At intermediate power 
the temperature distribution is nearly uniform across the exhaust plane. 

For partial afterburning the temperature profile shows twin regions of high 
temperature. The low temperature in the center region indicates that there 
was very little combustion in the wake behind the center body. For maximum 
afterburning the temperature profile is nearly flat at high-temperature 
levels, indicating radially uniform combustion. The temperature profiles 
were not affected significantly by Mach number and altitudes. 

Fuel-air ratio. - The local fuel-air ratio calculated from the gas- 
sample measurements (FAREMISS) using the relationship in reference 8 are 
shown in figure 5. The similarity of the fuel-air ratio and the temperature 
profiles and the increase in the average temperature with increasing power 
level is expected, since increasing the fuel-air ratio should increase the 
temperature for all fuel air-ratios less than stoichiometric. 

Carbon monoxide. - The variations of the carbon monoxide (CO) emissions 
with power level for each flight condition are shown in figure 6 . Carbon 
monoxide emissions were less than 500 ppmv at all radii for intermediate 
power (nonafterburning), and at radii less than a O. 5 R 3 in afterburning. 
Downstream of the ring flame holders, a slight increase in CO concentration 
is apparent at partial afterburning for Mach 0.8 at 12.19 km, but at maximum 
afterburning, twin regions of high CO concentrations in the wakes of the 
ring flame holder were present with peak CO concentrations in excess of 
11 000 ppmv for all flight conditions. Since the local fuel-air ratios were 
approaching stoichiometric in these regions, these high CO levels represent 
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an approach to equilibrium CO, rather than combustion inefficiency. 
Examination of these profiles shows that concentrations were highest at Mach 
0.8 at 9.14 km and lowest at Mach 1.4 at 12.19 km. 

Hydrocarbons . - Measured hydrocarbon emissions (fig. 7) were zero at all 
rad 1 i f or nonaf terburni ng conditions and at all radii less than 0.6R8 for 
maximum afterburning. For afterburning, regions of HC emissions represent- 
ing inefficient combustion are present out board of the CO peaks. At radii 
greater than O.CRs for afterburning power levels, HC concentrations varied 
widely, with peak values in excess of 4000 ppmCv for all flight conditions. 

Oxides of nitrogen . - The variations of the oxides of nitrogen (NOx) 
emissions (concentrations) with power level at each flight condition are 
shown in figure 8. For Mach 0.8 at 9.14 km the peak NOx emissions were 
higher at maximum afterburning than at intermediate power. For Mach 0.8 at 
12.19 km, the peak NOx emissions were about the same for all power levels, 
with local maxima near R/Rq = 0.6 for afterburning and in the center 
region at intermediate power. For Mach 1.4 at 12.19 km, the NOx emissions 
decreased from intermediate power to partial afterburning at almost all 
radial locations. For this flight condition the maximum NOx concentra- 
tions were observed at maximum afterburning. The same data as in figure 8 
are shown grouped by power level in figure 9. For all power levels NOx 
concentrations are consistently highest at the Mach 1.4 at 12.19-km condi- 
tion, and lowest at the Mach 0.8 at 12.19 km condition, as might be expected 
since these are the conditions with, respectively, the highest and lowest 
combustor and afterburner inlet temperatures and pressures (see table I). 
Although the inlet conditions at the Mach 0.8 at 9.14 km test point are 
quite similar to those at Mach 1.4 at 12.19 km, note that the combustor- 
inlet tenperature is slightly less at Mach 0.8 at 9.14 km and that peak 
NOx concentrations at this condition are less than at Mach 1.4 at 12.19 km 
for both intermediate power and maximum afterburning (no comparison can be 
made at partial afterburning). Note in the maximum afterburning curves that 
there appears to be a deficiency of NOx regions of very high CO, which 
is consistent with the results in reference 6. 

Carbon dioxide . - The variations of CO 2 emissions with flight condi- 
tions at each power level are shown in figure 10. The CO 2 emission pro- 
files are similar, as expected, to the fuel-air ratio profiles (fig. 5) and 
show little variations with Mach number and altitude. The CO 2 distribu- 
tions are radially uniform at intermediate power, but at partial afterburn- 
ing the CO 2 profiles have twin regions of high emissions. 

Exhaust total pressure . - For all flight conditions the measured exhaust 
total pressure Pt8 at intermediate power was greater than the total pres- 
sure for afterburning conditions (fig. 11), as a result of pressure loss due 
to combustion in afterburning. All of the profiles show a low-pressure 
region at the centerline of the exhaust nozzle, in the wake of the engine 
centerbody. 


Correlations with Local Fuel-Air Ratio 

As discussed previously, the measured values of CO, HC, and CO 2 at 
each radial location (figs. 6, 7, and 10) were used to calculate emissions 
based local fuel-air ratios (FAREMISS; see fig. 5). Mass weighted and area 
integrated values are compared with the metered fuel-air ratios (FAABT) in 
figure 12. 

Figures 13 to 16 show the emissions data plotted against the local fuel- 
air ratio for all flight conditions and power levels tested. Carbon mon- 
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oxide emissions (fig. 13) were low for local fuel-air ratios (FAREMISS) less 
than 0.047, but increased sharply for local fuel-air ratios greater than 
this value. 

Carbon dioxide emissions increased linearly with increased values of 
local fuel-air ratios (fig. 14) except for deviations at high fuel-air 
ratios in regions of high CO 2 . 

Hydrocarbon emissions were essentially zero for all intermediate power 
conditions and showed considerable scatter in afterburning (fig. 15). No 
correlation between the HC emission and local fuel-air ratio (FAREMISS) was 
apparent. 

The oxides of nitrogen emissions increased linearly with FAREMISS at 
intermediate power conditions (no afterburning), but variations with local 
fuel-air in afterburning were small (~ *100 ppmv) for each flight condition 
(fig. 16). 

The effects of flight speed and altitude (i.e., combustor and after- 
burner inlet temperature and pressure) on NO^ emissions are most apparent 
at intermediate and maximum afterburning power, with maximum NOx observed 
at Mach 1.4 at 12.19 km and minimum values recorded at Mach 0.8 at 12.19 km 
(see table I). The concentrations of NOx Mach 0.8 at 9.14 km were less 
than at Mach 1.4 at 12.19 km, for both intermediate power and maximum after- 
burning as mentioned previously. 

The combustion efficiencies calculated from gas sample data with and 
without afterburning are shown in table II. The local concentration data 
(CO, CO 2 , HC, and NOx) '”®ss weighted and area integrated to obtain 
average concentrations. These average concentrations were used to calculate 
combustion efficiencies.; For the test conditions reported the efficiencies 
did not vary with changes in simulated flight conditions. 


TABLE II. - COMBUSTION EFFICIENCY (WITH AND WITHOUT AFTERBURNING) 


Simulated 

Mach 

number 

Altitude 

Combustion 

efficiency 

Afterburner 
mixed inlet 
pressure 

Power level 

km 

ft 

N/cm2 

psia 

0.8 

9, 

14 

30 000 

99 

13.6 

19.67 

Intermediate 



9. 

14 

30 000 

97 

13.7 

19.92 

Maximum afterburning 



12. 

19 

40 000 

99 

8.7 

12.57 

Intermediate 

\ 

/ 





98 

8.6 

12.46 

Partial afterburning 

\ 

|r 





97 

8.8 

12.74 

Maximum afterburning 

1. 

4 





99 

13.8 

20.02 

Intermediate 

1.4 





98 

13.6 

19.65 

Partial afterburning 

L_i: 


\ 


N 

V 

98 

14.0 

20.35 

Maximum afterburning 


SUMMARY OF RESULTS 

Gaseous emissions for an FIDO (1), afterburning, two-spool turbofan engine 
were measured at simulated flight conditions. For each flight condition 
detailed concentration profile measurements were made for two or three 
engine power levels from^ intermediate (nonafterburning) through maximum 
afterburning. These measurements were made on the horizontal diameter at 
the engine exhaust-nozzle exit, using a single-point traversing sample 
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probe. The data showed the emissions vary with flight speed, altitude, 
power level, and radial position across the nozzle. The principle results 
of this investigation are as follows: 

1. Carbon monoxide emissions were low for intermediate power (non- 
afterburning) but increased with afterburning primarily due to the appear- 
ance of high carbon monoxide regions downstream of the flame holder. 

2. Oxides of nitrogen emission increased with increasing flight speed at 
constant altitude and decreased with increasing altitude at constant speed. 

3. The variations of the oxides of nitrogen emissions with power level 
were different for the several flight conditions, but in all cases the maxi- 
mum concentrations occurred at maximum afterburning. 

4. Measured hydrocarbon emissions were zero at all nonafterburning con- 
ditions. In afterburning hydrocarbon concentrations were low in the center 
half of the nozzle, but varied widely in outboard regions. 

5. Total temperature, local fuel-air ratio, and carbon dioxide distribu- 
tions showed little variation with Mach number and altitude. 

6. The exhaust temperature profiles are nearly uniform for maximum 
afterburning, which indicated uniform combustion. 
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APPENDIX - Experimental Data 


The engine inlet conditions and the exhaust profile data for all flight 
conditions and power levels are given in tables III to V in this appendix. 
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TABLE in. - engine inlet TEST CONDITIONS AND EXHAUST PROFILE DATA 
FOR MACH O.B AT 9.14 KILOMETERS (30 000 ft) 


(i) InttrmtdltU (nonafttrburning powtr; tnglni 1n1«t ttfflp«r«turt, 257 K; engine inlet 
prtssurc, 4.57 N/cm^i metered fue1>e1r retio, 0.0124; eiheuit nozzle redlui, 31.75 cm 


Radial 

distance 

from 

centerline, 

R/R8 

Exhaust-gas concentration 



Exhaust 

total 

pressure, 

N/cm2 

Carbon 

monoxide, 

ppmv 

Carbon 

dioxide, 

ppmv 

Hydro- 

carbons, 

ppmCv 

Oxides of 
nitrogen, 
ppmv 

K 

R 

-0.998 

317 

13 091 

C 


51 

0.006 

546 

982 

11.75 

-.796 

218 

21 081 



91 

.0095 

6S0 

1224 

11.68 

-.600 

370 

37 386 



172 

.0168 

837 

1507 

11.87 

-.398 

405 

41 735 



197 

.0187 

901 

1622 

12.15 

-.197 

423 

40 758 



192 

.0183 

910 

163S 

12.95 

0. 

393 

40 070 



189 

.0180 

905 

U30 

10.45 

,224 

476 

40 926 



192 

.0184 

912 

1641 

13.04 

.416 

487 

40 441 



192 

.0182 

895 

1611 

12.38 

.604 

492 

29 701 



134 

.0135 

601 

1442 

11.85 

.799 

492 

14 704 



60 

.0068 

631 

1136 

U.55 

1.014 

461 

4 364 

\ 

f 

15 

,0021 

476 

856 

10.69 

Average 

371 

25 012 


113 

0.0113 

696 

1253 



(b) Maximum afterburning power; engine Inlet tenperature, 463 K; engine inlet pres* 
sure, 4.54 N/cm2; metered fue)*a1r ratio, 0.0603; exhaust nozzle radius, 45.95 cm 


















TABL£ IV. . tNGiNE INLCT TEST CONDITIONS AND EXHAUST PROFILE DATA 


FOR MACN 0.8 AT U.U KILOMETERS (40 000 ft) 


(4) Intirm#d1|l« (nonifttrburnlnfl pgMtr; tnolnt (nlit ti<np#rnMr#, 244 K; tnaln* InUt 
prtliurc, 2.8J N/cm*; futl-4lr r4t1o, 0.012S; •ih4uit noixli rioiui, Jl.|5 cn 


Radial 

distance 

from 

centerline, 

R/«a 

Exhaust-gat concentration 

Gat tanple 

fuel air 
ratio, 
faremisi 

Cxhauit 

total 

tenperature 

Exhaust 

total 

preiiure, 

H/cm2 

Carbon 

monoxide. 

ppmv 

Carbon 

dioxide, 

ppmv 

Hydro- 

carbons, 

ppmCv 

Oxides of 
nitrogen, 
ppmv 


D 

-1.008 

207 

10 609 

0 

30 

0.0048 

504 

90S 

9.65 


293 

17 838 



52 

.0031 

627 

1129 

8.34 

-.01 

3S6 

32 124 



102 

.0145 

775 

1395 

8.59 

-.405 

367 

37 219 



126 

.0168 

851 

1531 

8.68 

-.197 

360 

38 103 



130 

.0171 

860 

1548 

9.18 

0 • 

38S 

36 962 



123 

.0166 

854 

1538 

7.57 

.197 

3S6 

37 280 



125 

.0168 

859 

1546 

9.19 

.389 

401 

37 242 



120 

.0168 

B46 

1523 

8.90 

.593 

356 

27 949 



90 

.0127 

671 

1208 

8.58 

.790 

378 

13 479 



39 

.0062 

535 

964 

8.38 

.978 

370 

j 11 266 

>1 


32 

.0052 

458 

625 

8.40 

Average 

325 

22 467 

0 

71 

0.0102 

1 633 

1140 



(b) P4rtUl 4ft#rburn1n9 pon«r; tngint tnlet t«tf^)fr4ture. 244 K; fngint Inlet prt$. 
sure, 2.80 N/m<; metered fue1-4ir ratio, 0.033?; exhaust noitle radius, 40.45 cm 


-0.999 

-.896 

-.789 

-.702 

-.597 

-.492 

-.392 

-.292 

-.198 

-.093 

0. 

.099 

.4^09 

.300 

.403 

.509 

.606 

.701 

.806 

.900 

1.005 

733 
1 516 
1 497 
931 
485 
82 
0 
214 
250 
255 
245 
216 
208 
207 
99 
310 
737 
903 
1 823 
1 731 
660 

24 771 
39 029 
77 012 
99 658 
83 062 
60 315 
49 383 

43 505 
41 526 
38 959 

35 736 
37 996 
41 856 

44 686 
51 894 
66 337 
69 903 

108 070 
71 646 

36 594 
21 634 

1058 
3209 
2185 
250 
44 
48 
116 
155 
139 
203 
312 
326 
763 
656 
340 
395 
87 
11 
12 
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(c) Maximum afterburning power; engine Inlet tenptrature, 244 K; engine Inlet pres- 
surt, 2.61 N/cm*, metered fuel-air ratio, 0.0620; exhaust noiile radius, 46.4 cm 
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TABLE V. - ENGINE INLET TEST CONDITIONS AND EXHAUST PROFILE DATA 

FOR MACH 1.4 AT 12.19 KILOMETERS (40 000 ft) 

(i) InltmtdUW (nonjfttrburnlno powtr; tnqlnt Inltt t«fnpfr*turt, 303 
prtssur#, 5.95 N/cm^; fu«l-*lr ratio* O.Olll; tnhautt nozzit radlui* 35.49 cm 


Radial Exhaust-gai conctnlratlon Gat tarpit 

distanct fu«I air 

from Carbon Carbon Hydro- Oxidtt of ratio, 

cantarlint, monoxidt, dioxld#, carbont, nitrogen, fartmiii 

R/RS ppirv ppn>v ppaCv ppmv 


Exhaust Exhaust 

total total 
tamptraturt prtssurc, 
N/cm^ 



52.61 1 61 847 


(c) Maximum aftiitumtng powtr; angina Inlat tamparatura, 301 K; angina Inlat prai- 
turt, S.9S N/coK; matarid fu«1-ilr ratio, 0.0549; exhaust nozzle radius. 51.2 cn 
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(a) Installed in altitude test chamber, 
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(b) Engine instrumentation locations, 


Figure 1. - Afterburning turbofan engine. 



(a) Installation 
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(c) Schematic of gas sample probe, 


(b) Detail of sensor area. 


Figure 2. - Probe and traversing mechanism. 
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(a) Flow schematic. 


(b) Test cell setup. 

Figure 3. - Console-gas analysis system. 
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Figure 6. - Carbon monoxide concentration profiles. 
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(c)Mach 1.4 at 12.19 km. 


Figure 7. - Hydrocarbon concentration profiles. 
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Figure 8. - Oxides of nitrogen concentration profiles. 
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Figure 9. - Oxides of nitrogen concentration profiles. 
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(c) Maximum afterturning power. 


Figure la - Carbon dioxide concentration profiles. 
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Figure 14, - Variation of carbon dioxide with gas sample fuel-air ratia 
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Figure 15. - Variation of hydrocarbon with gas sample fuel-air ratia 
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